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ZmXK&LLT TIHMSD HOHITCOKB RADIATORS 

By Arthur V.   Tifford 

SUMI1AHT 

Calculations are made of the 
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diameter of the radiator tubes.  The large number of tubes 
required, however, bringe on manufacturing difficulties. 
Present practice does not permit the use ef radiator tubes 
of lets than 0.20 inch diameter. 

In this paper the performance characteristics of sev- 
eral radiators with Internally finned tubes are calculated 
and aro compared with the performance characteristics of 
conventional honeycomb radiators.  The object of the paper 
Is to present typical results to be expected from the use 
of internally finned radiators. 

A direct 
is: very.promls 
the complete 1 
1 shows varlou 
finning-is an 
diameters for 
lug the number 
turing process 
over, definite 
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ANALYSIS Of THE PLOBLZi: 
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efficient means if obtaining 
the air passages if radiators 
of tubes that must be handle 
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tubing.  Internal 
small hydraulic 
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honeycomb radi— 

the ul r passages. 

Several factors explain the improved performance of 
Internally finned radiators.  In the convertional ethylene- 
glycol honeycomb radiator about 05 percent of the resistance 
to heat flow lies in the boundary layer on the air side.  In- 
ternal finning makes the thermal resistances on the liquid 
and air sides more nearly equal because the surface exposed 
to the air is increased, without a change In the surface on 
the liquid side.  The reduction of the total resistance to 
the flow of heat for a given amount of surface causes a re- 
duction in the amount of surface required for a given heat 
dissipation.  One adverse effect occurs because Indirect 
eeoling surfaces, such as these internal fins, operate at 
lower average temperatures than the tube walls.  Fin effec- 
tiveness of approximately 95 percent can be obtained, how- 
ever, by usintf copper fins having vidth-to-thickhess ratios 
of about 80. 

Because the fins need be made Only thick enough to ef- 
ficiently carry the flew of heat (the fins do not have to 
supply structural strength to the radiator), because each 
fin contributes twice as much cooling-sir surface per unit 
of metal weight a« direct gurface does, and because the 
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amount of coolant carried In the 
weight of radiator* can 'be re due 
furthermore, because of the feve 
thinner metal used, the ratio of 
area of an Internally finned hon 
than the ratio of open to total 
tlonal honeycomb radiator with t 
for the air passages. The great 
Internally finned radiator allow 
operate in parallel In a given f 
the pressure drop required for c 
pressure drop required by a conv 

radiator Is reduced, the 
ed by Internal finning, 
r liquid passages and the 
open to total frontal 

eycomb radiator is greater 
frontal area of a conven- 
he same hyi'raulir diameter 
er open frontal area of an 
a more air passages to 
rontal area.  Consequently, 
ooling is less than the 
entlonal radiator. 

SYMBOLS 

The following symbols, listed alphabetically, are 
used In this report.  Consistent units are also given. 

a  quantity defined as _2_hJL 

Vf 

*   total frontal area of radiator, square feet 

*0  open frontal area of radiator, square feet 

Cp  specific heat at constant pressure, Stu per pound 
per °P 

CD drag coefficient of wing 

CL lift coefficient of wing 

D hydraulic diameter of air passages, feet 

Dt hydraulic diameter of radiator tubes, feet 

2f fin effectiveness 

f   free-area ratio, ratio of open frontal area to 
total frontal area 

t.     free-area ratio, fins being neglected 

f» friction factor ££t5 
4qL 

•-•• •- sj&vik vfe* v&*m&^ 
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h 

62 

H 

.k 

Acceleration of gravity, feet par second per 
•eeond 

»urface heat-transfer coefficient, Btu per second 
per square foot per "T 

Nusfeit number 

heat-trantfer coefficient from aj.r to tute wall, 
Btu per second per equare foot per -°T 

he.at-transfer coefficient from liquid to tube wall, 
Btu per eecond per square foot yer  °F 

quantity of heat dissipated per unit time, Btu per 
•econrt er horsepower 

thermal conductivity, Btu per second per equare 
foot per ct  per foot 

thermal conductivity of Air at radiator entrance, 
Btu per second per square foot per °T  per 
foot 

I 

n 

thermal conductivity of metal, Btu per second 
per square foot per "j? per foot 

radiator length, feet 

number of fins 

PD power required to force air through radiator, 
foot-pounds -per second nr horsepower. 

fy power required to support and propel weight of 
radiator, foot-pounds per second or horsepower 

Pt  total power required by radiator installation, 
foot-pounds per second or horsepower 

p   static pressure, pounds per square foot 

Ap  presnure drop across radiator, pounds ner square 
foot 

ÄPf pressure drop due to skin friction, pounds per 
square foot 

q   dynamic pressure, pounds per square foot 



; 

«a 

a 

a. 

dynavalo pressure at radiator exit, pounds per 
square f oot 

Reynolds number ( BZS 
\ H • / 

thermal resistance on air side;  • • 1 

thermal.re'sistane e on liquid side (   —— ^ 

"f 

St 

t 

* 

To 

»I 

• 

vt 

V 

side of hexagonal tute, feet 

cooling surface, including fins, on air side, 
square feet 

cooling surface of fins, square feet 

cooling surface on liquid side, square feet 

tube-wall thickness, feet 

thickness of fin, feet 

absolute temperature,  °7 

absolute atmospheric temperature, °T 

absolute temperature of air at radiator entrance, °T 

absolute temperature of air at radiator exit, °F 

absolute liquid temperature, °7 

absolute wall temperature, °P 

open volume of radiator, neglecting finning, cubic foet 

total volume of radiator, cubic  feet 

velocity, feet per second 

velocity of air at radiator entrance, feet per 
second 

air—stream velocity, feet per second 

width of minimum allowable passageway on liquid 
aide, feet 

• w     1 
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a 

c 

P 

Pi 

PB 

Pr 

"P 

It 

U 

width of fin between tube walle, feet 

weight of fins, pounds 

weight of radiator without fine, pounds 

exit l«ss 

factor, approximately 1.5, by which to multiply 
radiator weight In order to account for addi- 
tional required airplane structure 

air density, slugs per cubic foot 

air density at radiator entrance, slugs per cubic 
foot 

weight density of fins, pounds per cubic foot of 
open volume of tubes 

coolant density, pounds wer  cubic f-_ot 

metal weight density, pounds per cubic foot 

weight density of radiator without fin», pounds 
per cubic foot of open volume of tubes 

pumping efficiency of duct system 

heat—transfer efficiency 

coefficient of viscosity, slugs per foot per 
eecond 

coefficient of viscosity of air at radiator en- 
trance, slugs per foot per second 

liBTHCD ~I  CALCULATICK 

The procedure followed in the calculations Is similar 
to the procedure presented In reference 1 and has been 
adapted to take into account the effect of the thermal re- 
sistance on the liquid side. 

The power expenditure chargeable to a wing or an engine— 
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nacelle oooline Installation la the CUB of the power re- 
quired to push the oooling air through the radiator and 
duet eyete« Pf)/t)p   *«»d the power required to carry the 
radiator »eight PJJI 

pt = ;r • PW 
fl) 

whore» from referenne  1, 

4 P " P»7X 

where 

or 

The heat diaaipatlm la 

H = gP^A-Op^ - Tx) Tit 
(3) 

*»t 
-llLTlx 

1 * °  STiSpT D~ 

-•fo.0 34^ ,AV\-o.«  L 

\"> )       ° 
la the turbulent region. 

Thn temperature difference    Tv - li    ia a function rit 
the thermal resistance on the  liquid side In Internally 
flnrod radiatora.    The ratio cf the thermal resistance on the twr- el de a  la 

and,  therefore,  the  available tcmi'f.rature difference with 
100-Deroont effeotivr.  fin» ia 

f 



Aotually, tha-fin •ffeetl-ranaaa is (referenoe 2) 

tanh -g±- 

«f 
2~ 

nhara 

and   w-   la the fin width between tube walls.    The over- 
all effectiveness of the cooling surface on the air side 
la tha SUB of the fin surfaoe rcultini:-.i by tne fin effec- 
tiveness and the direct cooling surface, cl'iicd by the 

total amount of surface on the a ir sid-3    (    •   ). 
V       sa        / 

The available temoerature difference is, therefore. 

Tw - Tx 

Tl " Tl  SfEf • Si 

1 + 
sa". 

(W 

The detailed calculation of the performance of in- 
ternally finned radiators is outlined ir< the appendix. 

DISCUSSION 

Typioal results obtainabls by the use of internally 
finned radiator tubes are represented in table I and fig- 
ures 2, 3» aid U by the values for radiator« C,  D,  E, and 
F.    Figure  2 shows thi>  t-ffeot •>? increasing th* relative 
thermal resists-.??  on t-fci   ll^-;id  s!,d>.    Sf?'-. jojnt corre- 
sponds to a re.Ji;»r. ir  d:;: s:p-.tiiig  V'.Oö hör 6>':ovt. r   and having 
a frontal urea of U sy-aro  t'ocü.  MI air  "usai/je  length of 
6 inohos,  and a V.y lr »mio diameter of  l/l£   inch.     These 
radiators differ  enly  ,n the  Rtcouat of indirect coolir.g 
surfaoe used on the air  side.    The number of fins is a 
measure of the ar.ount rf indirect cooling surface.    The 
curves of figure 2 indicate that most of the gains deriv- 
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»fei« fro» internal finning without a change In the hydraulic 
diameter of the air pa«tages are obtained by the uae of 
three flue (radiator D, .table I).  In this case the power 
expenditure ie reduced by 23 percent and the pressure drop 
It reduced by 40 percent.  If radiator I) were designed for 
the came preeevre drop a« radiator B (table I), the frontal 
area would be reduced 25 percent. 

When email hydraulic diameters are used for the air 
passages of radiators, small volumes and small power ex- 
penditures are obtained.  In practice, manufacturing diffi- 
culties associated with the laTge number of tubes required 
by the conventional honeycomb radiator restrict the minimum 
else of the tube diameter to about C.SC inch.  By the use 
of Internal finning, however, small hydraulic diameters can 
be obtained for the air passages without increasing the 
number of tubes.  The curves of figure 3 illustrate how in- 
ternal finning reduces the size and power expenditure of 
the installation.  Figure 4 shows that an increase in pres- 
sure drop is associated with a 6C—percent reduction in 
radiator size.  By a reduction in the radiator volume of 
2B percent instead of 5C percent and by the use of a hy- 
draulic diameter of l/8 inch for the air passage, all three 
significant factors — the radiator volume , the power ex- 
penditure, and the pressure drop - would be reduced. 

A comparison of 
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A large number of practical arrangements of Internal 
fins exists.  The hydraulic diameters for some of these 
are given in figure 1.  Arrangements such as (c) or (f) 
in figure 1 are inherently "better thermally than (b) or 
(e), respectively; that is, for a given weight of finning, 
a higher fin effectiveness is obtained.  The hydraulic 
diameters are, however, sore than 10 percent larger and 

• • 
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tb« .amount* of cooling surface are consequently 10 oercent 
smaller.  If all factors an considered, the over-all per- 
formane« of installations finned like (cJ at compared with 
fb), «r like (f) ae compared with (e), will differ negli- 
gibly when the air flow ie turbulent. 

Ae the hydraulic diameter of the air passages decreases 
with increased finning, the operating Reynolds number de- 
creases.  Thus, it becomes possible to »perete in the tran- 
sition range between laminar and turbulent flow or even 
at Reynolds numbers corresponding to completely laminar 
flow.  la such cases small angles between fins are to be 
avoided because the laminar boundary layer will be extremely 
thlok la the sharp corners and the surfaces forming the 
corners will accordingly have a greatly reduced effective- 
ness a« far as friction and hent transfer are concerned.  In 
effect, the fins will cause an increase in the radiator 
weight out of proportion to the increase in the heat dissi- 
pation per unit volume of radiator. 

V 

CCNCLUSICHS 

A large number of possible arrangements of internal 
fins for radiators exists.  By the use of these internal 
fine, the power expenditure and the pressure drop required 
for cooling can be markedly reduced.  In one typical case 
the new radiator is calculated to require 2' percent less 
pressure drop and 16 percent less power expenditure than 
the conventional honeycomb radiator of the same volume 
dissipating the same amount of heat. 

' Internal filming can also be used to reduce the hy- 
draulic diameter of the air passages.  This reduction will 
decrease the size and the power expenditure of radiators. 
Calculations show that in a typical case the radiator with 
internal finning requires 55 percent less volume and 18 
percent'less power expenditure than the conventional radi- 
ator having the same frontal area and dissipating the same 
amount of heat. 

Langley Memorial Aeronautical Laboratory, 
Jfational Advisory Committee for Aeronautics, 

Langley Field, Ta., October 17, 1941. 
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CAICULATIOH OF THE PHIFCMüUfCE OF XNTERNALLY FI1JNED RADIATORS 

The procedure followed in ths calculation of the per- 
fonanoe of Internally firmed radiators Is similar to the 
prooedure presented in referenoe 1. 

For an assumed length and hydraullo diameter of the 
air passages, an approximate value  for the operating Reynolds 
number is estimated.    The corresiiondlng value of Nusselt 
number is found from heat-transfer data,  sunh 'JS the data 
presented in figure 5>    The heat-tTMiefur coefficient    J^ 
is determined and a first approximation to the fin effec- 
tiveness  is obtained.     The over-all effectiveness of the 
oooling surface having been determlntd,  a first &pr>roxi- 
matlon to the available temperature difference    T_ - Ti 
is found from equation (k)»    The corresponding v-Uue of 
pjTj   is found in figure 6, which has ben olotted from 
equation (3) for the turbulent region.    (In thf  transition 
and  laminar regions,  equation (3) rrnat bt'   used directly.) 
Reynolds cumber is now calculated and a second value for 
Nusselt number obtained,  and the process is continued until 
the same value of    pj 7X    is determined in two succeeding 
calculations.     The pressure drop is now calculable  from 
equation (2) and the datM of fipurc ?i th<; newer expendi- 
ture required is calculable from equation (1). 

This procedure is repeated for each assumed radiator 
length»    The rownr expenditure is then plotted against 
radiator voluice as in figure 3, 

r 

The details of the sea-level calculations for the 
following assumed conditions are given in table I.    Fig- 
urea 3 and U nrnno'it the results graphically. 

The ooolent is 97 percent cthylene-glynol  solution and 
hexagonal tubes are used. 

V0 = 734 fps (530 mph) 

hj s 0.20 Btu ner seo car sq ft per °F 

A   r k sq ft 

t   Z O.0U5 in. 

w   r 0.026 in. 

Vf 



Op • 0.2b Btu por lb par °P 

H » 1000 hp 

a  =»0.1 

I0 » 1*60° • 73.5° = 33.5° r abs. 

Tj « 460° • 290° = 750° P «.be. 

Pi » £9.6 lb Mr eu ft 

^1 =" "copper = 555 lb cer ou ft 

*« = *, copper = 0.06053 Btu per sen par 

•q ft per °F per ft 

TJ- *» 100 peroent 

Allowance being made for eerplete adiabatic oomprea- 
•Ion ahead of the radiator, the following quantities were 
eftloulated and used in the detailed oalculationst 

Ti  •••= ^60 • 116 = 576° F aba. 

t% - t,  = 175° F abB. 

kj » 4.065 (10)      Btu per seo per sq ft per °F per ft 

pt =, 0.00262 slug per ou ft 

Uj  =0.1*09 slug per ft per aeo 

•P- 

hi 
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ßDOTOßeV 
Problem of reducing radiator sizs by placing fins inside of tubss is discusssd. 

Calculations of radiator performance are compared with that of conventional radiator. 
Results shoa that internally finned radiators can dissipate the same heat as conventional 
radiators with same frontal area, but require 55? less volume and 18$ less power expended. 
If radiators have earns volume, the nen design requires 20? lesa pressure drop. 
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